INTRODUCTION
shift assays, which use nonspecific, extrinsic dyes to detect protein unfolding. Recently, methods for cellular thermal shift assays have been developed, offering the promise of high-throughput in vivo drug screening. [5] [6] [7] [8] The largest thermal shifts are known to be observed at significant molar excess of ligand. It is well understood how ligand binding affects ΔG°, however the quantitative relationship between changes in TM and ligand affinity is not well understood. In addition, sensitivity is also expected to depend on protein size, although this relationship has not been examined.
The prediction that changes in TM are related to changes in ΔG in a way which scales as N -1 , where N is the number of residues has interesting implications for these types of experiments, since proteins. The analysis also illustrates how changes in TM can be used to estimate changes in ΔG° with reasonable accuracy.
MATERIALS AND METHODS
Data was gathered from the ProTherm database as well as literature sources. For this analysis, selection criteria required that each entry have data for TM, and ΔG° or sufficient data to calculate these values. All proteins in the dataset exhibit thermodynamically two-state and reversible unfolding. Only stability data at a single pH was included for each set of mutants.
RESULTS AND DISCUSSION
The temperature-dependent protein stability curve is described by the modified GibbsHelmholtz equation with the assumption that ΔCp° is independent of T (1)
where TM is the midpoint of the thermal unfolding transition, ΔHM is the change in enthalpy upon unfolding at TM and ΔCp° is the difference in constant pressure heat capacity between the unfolded and folded states. Near the stability range of proteins, equation (1) is well approximated by a quadratic equation. [9] [10] From this, a relationship can be derived to determine the maximum stability for a protein
where ΔGmax is the stability of a protein at the temperature of maximum stability (Tmax), given by [11] [12] [13] Assuming that the change in stability results from a vertical shift of the Gibbs-Helmholtz plot, ΔG° at any temperature can be used since ΔΔG will be independent of the choice of T. In any case, any error due to the choice of 298 K as the reference temperature is expected to be small.
The proteins studied range in size from Trp cage at 20 residues to T4 lysozyme with 164 resides and include all-α, all-β and mixed α-β folds. Several of the domains contain disulfides while others do not ( Figure 1 and the remainder are shown in supporting information ( Figure S1 length and the effect of stabilization at 298 K on TM is apparent, demonstrating that the thermal stability of small proteins is more sensitive to changes in stability than in larger proteins. This is a consequence of the broad stability curves of small proteins resulting from the small ΔCp° values of these systems. It should be noted that equation (6) is derived from direct fitting of the experimental data, and therefore is not dependent on the relationship between N, ΔGmax, ΔHM and
ΔCp°.
Equation (6) does more than predict ΔTM for mutant proteins, the equation is an empirical relationship between stability and TM. Thus, it can also be employed to predict changes in TM observed upon the binding of a ligand to the folded or unfolded state of a protein of a given length, provided that the effects of ligand binding on stability mimic the thermodynamic effects of mutation. This is most likely the case for ligands that do not require a significant protein conformational change to bind or lead to a large change in the heat capacity of the system. Many druglike ligands are small molecules which bind to sites which are accessible to solvent and equation (6) is likely to apply to this important class. The ΔG° of folding in the absence of ligand is given by equation (7) ∆°=
where R is the gas constant, [F] is the equilibrium concentration of folded protein and [U] is the equilibrium concentration of unfolded protein.
In the presence of a single ligand that binds exclusively to the folded state, equation (7) becomes equation (8) 14-15
where ΔGL° is the Gibbs free energy of folding at 298 K in the presence of ligand, [L] is the concentration of free ligand and KD is the dissociation constant for ligand binding to the folded state. The change in free energy, ΔΔG° upon ligand binding is:
where ΔΔGL° is the change in the Gibbs free energy of folding at 298 K upon the binding of ligand, which is related to ΔTM by the linear relationship determined from the mutational dataset analysis 
where KU is the protein unfolding equilibrium constant in the absence of ligand. The value of KU can be determined from the chain-length dependent stability equations parameterized by
Robertson and Murphy or Sawle and Ghosh. 11, 16 However, this term is usually small compared to the other terms and can generally be excluded except in cases for proteins that are unstable in the absence of ligand (large KU) or very weakly binding ligands (large KD).
Equations (6), (9) and (10) can be combined by replacing [L] in equation (9) with the expression in equation (10) and using equation (6) Consequently, significant loss of precision is expected to arise due to any error in the concentrations of protein and ligand under these conditions. This loss of precision is more likely to be a problem in strongly binding systems because detection limits will necessitate protein concentrations much higher than KD.
Most importantly, the analysis presented here predicts an inverse correlation between protein size and the magnitude of the expected thermal shift. In general, the analysis predicts that a protein will exhibit half the thermal shift experienced by a protein that is half as large. The model is validated by thermal shift assays from the literature, which report similar thermal shifts to those Plots for an additional 8 proteins are given in the supporting information ( Figure S1 ). 
